We can now utilize the wave properties of electrons to conduct fundamental experiments on quantum mechanics because of the development of brighter electron beams as well as the ability directly to image the quantum world by utilizing the phase information of electrons. In this paper, we describe new possibilities that have been generated by electronphase microscopy using electron microscopes equipped with coherent yet bright electron beams. 
. Introduction
Electron holography was devised by Gabor almost six decades ago as a means of breaking through the resolution limit of electron microscopes. 1) He invented a two-step imaging method, holography, to break through the resolution limit caused by the absence of aberration-free lens systems in electron microscopy.
In holography, a hologram is first formed with electrons as an interference pattern between the object wave and a reference wave. The hologram is then illuminated by a reference optical wave to reconstruct the electron wavefronts as optical wavefronts.
In electron holography, the aberrations in the electron lens system can be optically compensated for in its reconstruction stage.
Gabor's original approach was in-line holography, where the electron wave passing around the object is used as a reference wave. 1) This kind of hologram is, so to speak, a defocused electron micrograph photographed under coherent illumination, similar to the Fresnel fringes first reported by Boersch. 2) Although the idea of holography was first demonstrated in optical experiments by Gabor, 1) the first experiment on electron holography was carried out by Haine and Mulvey, 3) Encouraged by this experiment, Tonomura et al. 7) demonstrated an electron version of this Fraunhofer holography using a 100kV electron microscope equipped with a pointed cathode, and clear-cut images were first obtained. This in-line holography entailed some limitations, such as small sizes for objects surrounded by clear spaces. However, the coherence conditions required for the illuminating electron beam are much less stringent than those for off-axis holography.
Off-axis electron holography was first carried out by Möllenstedt and Wahl, 8) which however had to be made in one-dimensional imaging to make up for the poor coherence of the electron beam. A slit-shaped electron source was employed to form a hologram with many carrier fringes, and an image of a one-dimensional tungsten filament was optically reconstructed.
Image formation using electron holography was thus confirmed to be feasible. The resolution of the reconstructed images was low (~50 Å) and no new information was obtained by the holography. The practical realization of electron holography had to wait for the development of a coherent field-emission electron source, just as optical holography had to wait for the invention of lasers.
In this paper, we provide an overview of the present status of electron holography, with special reference to its recent applications to problems on fundamental physics and also on technological frontiers.
. Developments in Holography due to Advent of Coherent Beams
We describe the historical development of electron holography here with advances in coherent beam technology, since a bright electron source using field emissions was the most decisive factor in the development of electron holography.
Although field emissions were already used in a field-emission microscope to observe the tip surface with atomic-scale resolution early in the 20th century, 9) it was Crewe et al. 10) who developed a practical field-emission gun for the scanning electron microscope (SEM) or scanning transmission electron microscope (STEM), and greatly improved their resolutions, particularly that of STEM, reaching down to atomic dimensions. 11) This beam is also suitable as a coherent beam for electron interferometery; its brightness is greater than that of a thermionic beam by more than three orders of magnitude, mainly because a strong electric field on the surface of the cathode tip produces no space-charge effect. In addition, the energy spread of the beam is as narrow as 0.3eV when the emission current is limited to 10µA. This source was first used only for scanning microscopes, and its acceleration voltage was limited to 30kV.
We started the development of a fieldemission electron beam at Hitachi in 1967 soon after our experiments on in-line Fraunhofer electron holography. 7) From our experience with the holography experiments, we realized that bright electron beams, e.g., laser beams, would be needed to apply such holographic techniques to high-resolution microscopy for practical use. In fact, the resolution of the reconstructed images using a pointed filament 4) in our early experiments 7) did not even reach that of conventional electron microscopes due to the poor coherence of electron beam. Our original objective to overcome the resolution limit of the electron microscopes by compensating for the aberrations in electron lenses was by no means achieved.
We began to develop brighter field-emission electron beams in 1967 and we have After ten years of work, we developed an 80 kV electron beam, 12) which was two orders of magnitude brighter than that of the thermal beams used then (see Table I ).
Using the beam, we were able to observe electron interference patterns directly on a fluorescent screen for the first time, and we were able to take as many as 3000 interference fringes on a film, whereas 300 fringes had been the maximum up to that time. New information that had been inaccessible with conventional electron microscopy can now be obtained by using electron holography. Since the first successful development of a bright field-emission electron beam in 1979, we have continued to develop even brighter electron beams. This was mainly achieved by increasing the beams' accelerating voltages. An electron gun with a higher energy is larger and has thus more space to introduce additional electron-optical systems to minimize the blurring of the image of the tiny electron source due to aberrations during the acceleration process, e.g., by adding a magnetic lens to the electron gun.
Every time we increased brightness, new possibilities opened up as shown in Table   I . Specific examples can be found in the magnetic lines of force in the microscopic region, which were directly and quantitatively observed in h / e flux units 13) in an interference micrograph with an 80 kV microscope. We were able to measure the phase shifts with a precision as small as 1 / 100 of an electron wavelength with a 250kV microscope, 14) and carried out experiments on the AharonovBohm (AB) effect. We observed the real time dynamics of vortices in metal 15) and high-Tc superconductors 16) with 350 kV 17) and 1MV microscopes. 18) In general, the brightness of an electron beam is proportional to the accelerating voltage. In reality, however, the brightness of the electron beam obtained at 1MV is 2 × 10 10 A / (cm 2 • ster), which is more than one order of magnitude higher than the expected value (1.2 × 10 9 ) estimated from the brightness at 80 kV. This is due to the decrease in the aberrations realized by introducing a magnetic lens to the accelerating region. The maximum number of biprism interference fringes with this beam increased from 3,000 to 11,000. 19) We settled the controversy about the existence of the AB effect (see § 3. 13) equipotential lines, 28) thickness distributions, 14) and inner potentials. 29) Many noteworthy applications are now being developed, such as the observation of magnetic domain structures in ferromagnetic materials, [30] [31] [32] dopant distributions in semiconductor devices, 33, 34) ferroelectric materials, 35) and vortex behaviors in superconductors. 16, 36) .
Fundamental problems with quantum mechanics
The relative phase of an electron wavefunction can now be precisely and directly measured, which has enabled even "thought experiments" to be carried out on the fundamentals of quantum mechanics.
Single-electron build up of interference pattern
An electron interference pattern is formed in such a way that a single electron exists at one time in the "double slit" apparatus.
Feynman et al. 37) once referred to this type of experiment as "impossible, absolutely impossible to explain in any classical way, and it has (Thermionic electrons) 1×10 6 Experimental feasibility of electron holography 7) 1978 80 FEEM 1×10 8 Direct observation of magnetic lines of force 13) 1982 250 FEEM 4 ×10 8 Conclusive experiments of AB effect 22) 1989 350 FEEM 5×10 9 Dynamic observation of vortices in metal superconductors 15) 2000 1MV FEEM 2×10 10 Observation of unusual behaviors of vortices in high-Tc superconductors 16) FEEM: field-emission electron microscope This can be interpreted as the measurement instantly making the extended wavefunctions collapse into a single point.
Our experiment described in Fig. 2 has often been cited in physics textbooks, 39) and was selected and awarded as The Most Beautiful Experiments by Physics World, 40, 41) which was shared with an electron interference experiment that uses the actual fine multiple slits carried out by Jönsson in 1961. 42) in it the heart of quantum mechanics. This experiment has never been done in just this way, since the apparatus would have to be made on an impossibly small scale".
However, these thought experiments have now become feasible with the progress in advanced technologies. 38 consequently, there is no AB effect. 47, 48) They also asserted that the Schrödinger equation
can be replaced by a set of nonlinear differential equations called hydrodynamical equations, which contain only field strengths E and B. There is therefore no room for the AB effect.
They also expressed doubts from experimental viewpoints about the existence of the AB effect: 48) they claimed that the interference experiments must have been affected by leakage fields from solenoids or whiskers.
We carried out a series of experiments to clarify the ambiguities raised in the controversy, and we here introduce our experiment, 22) which is considered to be the most conclusive one.
We used a toroidal ferromagnet instead of a straight solenoid. An infinitely long solenoid is experimentally unable to be attained, but an equally ideal geometry can be achieved by the finite system of a toroidal magnetic field. Furthermore, the toroidal ferromagnet we used was covered with a superconducting niobium layer to completely confine the magnetic field within the toroid. 
. Imaging microscopic objects using electron phase information
The AB effect can also be used to observe the microscopic distributions of electromagnetic fields within a material. More specifically, the thickness distribution within a specimen of a homogenous material can be observed as thickness contours in the interference micrograph obtained by electron holography. 49) This is because the phase of an electron wave in this case is shifted by the line integral of the inner potential within the specimen along the electron trajectory when the electron wave passes through it. Although phase shifts can, in general, be detected from standard interference patterns "with" a precision of only 2π / 4, the precision can be improved to 2π / 100 by using a phase-amplification technique peculiar to holography. In fact, this technique has allowed us to the detect changes in thickness due to monatomic steps 14) and carbon nanotubes. 50) Columnar defects were produced by irradiating the sample with high-energy heavy ions, which are considered to be optimal pinning traps for vortices in layered structure materials. As shown in the electron micrograph in Fig. 6(a) , they are produced in Bi-2212 films as tilted, which can be observed as tiny black lines. When these images are defocused, they are blurred and eventually disappear completely by spreading out. When they are defocused even further, however, vortex images appear, since they are produced by the phase contrast. The resulting Lorentz micrograph of vortices is shown in Fig. 6(b) . There is an example observation of magnetic lines of force inside a ferromagnetic fine particle in Fig. 4 . Narrow fringes parallel to the edges indicate the thickness contours.
Magnetic lines of force
The circular fringes in the inner region indicate magnetic lines of force, since the thickness is uniform there.
Vortices in superconductors
Vortices inside a superconducting thin film can be visualized as black-and-white spots in a defocused image, or a Lorentz micrograph. 15) When the film is tilted and a magnetic field There is an interesting example in at an angle comparable to that of the applied magnetic field, the vortex images in Fig. 8 should have been elongated. He is recognized for his pioneering work in the new field of electron holography which was made possible by the development of "coherent" fieldemission electron beams. This method is used for the direct observation of both microscopic electromagnetic fields and magnetic vortices in superconductors, and the verification of fundamental phenomena in quantum mechanics such as Aharonov-Bohm effect and single-electron build-up of an interference pattern.
of force in h / e units and the dynamics of quantized vortices in superconductors. This measurement and observation technique is expected to play an important role in future research and development in nanoscience and related technology.
. Conclusions
Some experiments that were once regarded as "thought experiments" can now be carried out because of recent developments in advanced technologies such as coherent electron beams, highly sensitive electron detectors, and photolithography. In addition, the wave nature of electrons can now be utilized to observe microscopic objects that were previously unobservable. Examples are the quantitative observation of both the microscopic distribution of magnetic lines
